Abstract-In wireless broadband systems the available time, frequency and spatial diversity can he exploited using complex space-time-frequency codes. However, in order to retain a flexible scheme with low complexity we prefer a concatenated system where B channel code picks up time and frequency diversity and a simple orthogonal design is used to obtain spatial diversity. The channel needs to be constant during transmission of one orthogonal design. In a 4 6 OFDM system the elements of the orthogonal design can be distributed BS space-time block code over successive OFDM symbols which might canse problems in fast fading or as space-frequency block code over neighbouring subcarriers which causes problems in severe frequency-selective channels. We analyse the suitability and performance of both schemes under 4 6 cooditions and p m p s e a space-time-frequency mapping which might he a good compromhe in terms of performance and delay.
INTRODUCTION
Wireless broadband systems offer different sources of diversity which should be properly exploited by a coding and transmission scheme: Temporal diversity, frequency diversity and spatial diversity. Temporal diversity in a fading channel is picked up by an FEC decoder in combination with interleaving. Frequency diversity can be exploited by an equalizer or also by an FEC decoder in an Orthogonal Frequency Division Multiple Access (OFDM) system. Spatial diversity can be obtained by using multiple antennas and space-time codes [I] . We consider OFDM where the optimum solution would be a joint design of a big space-time-frequency code which codes across subcarriers, multiple OFDM symbols and antennas in order to exploit all sources of diversity. Such a space-timefrequency coding has been proposed in (21. However, this approach has high complexity and low flexibility. For practical applications we prefer a simple scheme the parameters of which can be modified easily without changing the whole channel coding scheme. E.g. different base stations might be equipped with different numbers of antennas depending on transmission requirements, propagation conditions and available space. Therefore, we prefer a separate approach where a convolutional code in combination with a random interleave, takes care of time and frequency diversity and a space-time block code provides spatial diversity.
Space-time block codes from orthogonal designs as proposed in [31, [4] provide a simple transmit diversity scheme which achieves the maximum possible diversity level of nT nR for nT transmit and nR receive antennas in a flat fading multiple-input multiple-output (MIMO) channel. A simple combiner is applied at the receiver in order to separate the symbols transmitted simultaneously from different antennas given that the channel is about constant during transmission of one orthogonal design.
For future wireless broadband systems such as wireless LANs or 4G cellular systems, OFDM is discussed as access scheme. OFDM provides an essentially flat fading channel for each subcarrier by insettion of a cyclic guard interval (GI) at each antenna. Therefore, space-time block codes are well suited to be applied in OFDM. However, since the frequency-selective broadband channel is subdivided in orthogonal narrowband channels, the symbol duration of an OFDM symbol is significantly increased compared to the symbol duration of a single carrier system with the same bandwidth. Therefore, the assumption of constant channel coefficients during transmission of a space-time block code matrix becomes critical. This also reduces the transmission delay. However, the channel needs to be about constant over P neighbouring subcarriers.
This is true in channels with low frequency-selectivity or can be accomplished by using a large number of subcarriers in order to make the subcarrier spacing very narrow. An example for nT = 2 transmit antennas and N. = 2 subcarriers is given in Figure 4 . After the mapping according to the orthogonal design on nT streams associated with the transmit antennas, a simple serial to parallel converter can be used for each transmit antenna. Consequently, at the receiver a parallel to serial converter is used after the FIT. Space-frequency block codes avoid the problem of fast time variations. However, the performance will degrade in heavily frequency-selective channels where the assumption of constant channel coefficients H f j ) over a space-frequency block code matrix is not justified. Particularly, this is a problem for more than nT = 2 transmil antennas, where P 2 4 subcarriers are needed per spacefrequency block code matrix.
VI. SPACE-TIME-FREQUENCY BLOCK CODES I N OFDM
In the previous sections we have described that spacetime block codes face problems in fast fading whereas space-frequency block codes suffer from frequency-selectivity.
Therefore, we propose to distribute the elements of the or- thogonal design both in time and frequency in order to relax the requirements for constant channel coefficients in both dimensions. This is particularly important for nT > 2 transmit antennas where the channel coefficients have to be constant over P 2 4 symbols. An example for nT = 3 and N. = 4 is shown in Figure 5 where the orthogonal design on the roght hand side of (2) is used dropping the last column. There are many possibilities to distribute the symbols transmitted from the same antenna in time and frequency. In Figure  5 we propose to transmit the first half of the symbols of the orthogonal design in frequency and the second half in time. However, for larger matrices it is possible to use more subcarriers than OFDM symbols if fast time variations are the more severe problem or vice versa in heavily frequencyselective channels. It is even possible to make an assymetric mapping. E.g. instead of the example given in Figure 5 we could transmit three symbols per antenna of the first matrix on neighbouring subcarriers of the first OFDM symbol and only one in the second OFDM symbol.
V11. ORTHOGONAL SPATIAL DIVERSITY I N TIME-VARYING A N D FREQUENCY-SELECTIVE CHANNELS
In this section we evaluate the suitability of the spatial diversity schemes described in the previous sections for channel characteristics and system parameters of our preliminaly 4G coherence bandwidth B c , l T a ,~~~~ according to (6). The rms delay spread is marked for the channels A, B and C given in Table I . Obviously, the requirement of constant channel coefficients over an orthogonal design is much more critical for space-frequency block codes than for space-time block codes. According to the strict definition (6) of the coherence bandwidth, a space-frequency block code with nT = 2, i.e. In [5] it was analytically derived that orthogonal spacefrequency block codes cannot achieve full frequency diversity. This derivation reflects the fact that space-time block codes do not impose dependencies over all subcarriers. Moreover, one might argue that the assumption of constant channel coefficients over an orthogonal design prevents to exploit available diversity. However, if the mapping of transmit symbols on suhcarriers in Figures 3, 4 , 5 is adapted taking into account coherence time and coherence bandwidth of the channel, we do not sacrifice diversity since no time or frequency diversity is available over the transmit symbol positions of one olihogonal design. To this end we have retained a simple, flexible and still optimum spatial diversity scheme by modifying only the mapping of symbols on subcarriers. Time and frequency diversity are picked up by an outer FEC decoder.
VIII. SIMULATION RESULTS
In this section we present simulation results in order to demonstrate how the considerations of the previous section transfer into BER performance. We use the system parameters and channel models of Section 11. Unless stated otherwise the channel varies in time according to a Jakes spectrum with maximum Doppler shift f d . In case of channel coding we use a rate 1/2 convolutional code with memory 4. All simulations are carried out in the frequency domain, i.e. effects of inter-carrier interference due to channel variations during transmission of one OFDM symbol are neglected. This is justified by the results depicted in Figure 6 . Figure I , a space-frequency block code cannot he used. However, the more relaxed criterion according to Figure 8 allows to apply a space-frequency block code. For comparison we include also the performance of a space-time-frequency block code with a mapping as indicated in Figure 5 and of a space-time block code with and without outer FEC channel codine. From identical performance even though . Figure I suggests that space-frequency block codes require N . > 2048 suhcarriers.
In Figure I I we also include results for a space-frequency and space-time-frequency block code with nT = 4 and N , = 1024. We found that Bc,3 = ; ; r (10) 1 -the error floor of the space-frequency block code it can he observed that the criterion according to Figure 8 is too weak. For good performance the frequency correlation function needs to be above 0.9 over the P subcarriers which are required to transmit the orthogonal design. However, a space-timefrequency block code seems to he a suitable alternative with lower delay compared to a space-time block code. IX. CONCLUSIONS
We have analysed the suitability of orthogonal space-time block codes and space-frequency block codes in a 4G OFDM system. While even for high vehicular speed channel variations in time do not significantly degrade the performance of spacetime block codes, severe frequency-selectivity is shown to limit the performance of space-frequency block codes unless a very high number of subcarriers is used. We proposed a space-time-frequency mapping which is more suitable than space-frequency block codes and has lower detection delay 
